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Abstract
Unmanned Aerial System (UAS) design and development has been focused largely on
aerial surveillance and photography or high payload applications. As yet there has not
been a large effort expended in developing high speed UAS technology on a small enough
scale suitable for commercial use. Despite this there are applications such as emergency
medical response that would benefit from the development of this concept. This project
aims to produce a working propulsion system capable of both high speed fight and vertical
take-off and landing for a UAS under 10kg. In the course of the project a JetCAT P80SE
Micro Gas turbine is procured and characterised using an instrumentation set designed,
calibrated, and implemented in house as part of this project. The exhaust properties of
the engine are then used in a series of iterative Computational Fluid Dynamic and Finite
Element Analysis studies to produce a thrust vectoring nozzle capable of withstanding the
thermal and pressure loads. This nozzle uses a bespoke design to vector thrust through a
full 90◦bend with a very low thrust loss. The results indicate that although there is room
for improvement the design will meet its performance requirements and thus be able to
progress to be integrated into a flying platform.
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1 Introduction
1.1 Context
The development of modern Unmanned Aerial Systems (UASs) has historically been
driven the need for aerial surveillance and photography, both in military and civilian en-
vironments. This has led to a wide variety of aircraft which are heavily optimised for
these tasks. The resulting aircraft typically have a combination of high endurance, high
payload, and Vertical Take-off and Landing (VTOL) capability. On one extreme are large
military fixed wing UASs such as the Northrop Grumman RQ-4 Global Hawk, and at the
other are personal quad-copter type systems such as the DJI Phantom.
With the emphasis on aerial monitoring applications, there have been few attempts at
developing UASs with alternative mission profiles, and those that do are focused on heavy
lift applications for transport and agriculture. As such their is a significant gap in the
area of high-speed UASs. To date almost all UASs designed to achieve high speed flight
have been heavy military Unmanned Combat Aerial Vehicles (UCAVs) such as the Boeing
X-45, and target drones used for pilot training.
Without commercial interest in the field, research and development of high speed small
scale UASs has not seen significant progress. Development of new technologies in the
form of prototype aircraft or propulsion systems will provide insight into the commercial
viability of such systems, as well as providing a basis on which future platforms may be
developed. The objective of this thesis is to complete the development a VTOL capable
propulsion system as a proof of concept from which conclusions can be drawn on the
ongoing technical and commercial feasibility of high speed UAS systems.
Figure 1: RQ-4 Global Hawk [34] Figure 2: DJI Phantom 2 [31]
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1.2 Motivation
Development of high speed UAS technology will be of most use when every second counts.
The motivating example for this thesis is an emergency medical response, in particulat
response to cardiac arrest in a remote locations. In cases of sudden cardiac arrest the
survival rate drops at approximately 7-10% per minute from the time at which the at-
tack is noticeable by a bystander [20]. The 2017 Report on Government Services reveals
that the 50th percentile ambulance response time ranges between 8.3 and 11.9 minutes
in capital cities, and 8.4 to 12.9 minutes statewide. The document reports a survival rate
of 46.3% for incidents which may have been responsive to defibrillation [6]. The added
capability of having fast response UASs may assist emergency services in improving the
effective response time, and hence improve patient survival rates.
Whilst current Australian regulatory framework prohibits UASs from passing over popu-
lated areas, there are significant portions of the country which are very sparsely populated
and also highly lacking in medical services. These rural and outer regional parts of Aus-
tralia also see a higher rate of cardiovascular disease than is seen within metropolitan
areas [8]. With this comes an increased risk of heart failure, often in the form of car-
diac arrest. As previously discussed, sudden cardiac arrest the survival rate drops at
approximately 7-10% per minute, with 50th percentile ambulance response times being
greater than eight minutes. This fact, combined with the sparseness of rural Australian
communities, makes it an ideal problem to address using high speed UAS technology.
1.3 Objectives and Scope
The thesis objectives are as follows:
• Design and manufacture a thrust vectoring nozzle for a micro gas turbine capable
of supporting STOL/VTOL flight for a UAS weighing under 10kg
• Develop and calibrate a sensor apparatus to determine nozzle exit conditions
• Produce characteristic data for the gas turbine procured as part of this project
• Draw conclusions regarding the effectiveness of the design, potential improvements,
and commercial viability.
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In order to achieve these objectives the following activities are carried out and presented
henceforth:
Design and Calibration of Exhaust Characterisation Apparatus: The charac-
terisation of the engine requires that the properties of the exhaust gas be determined.
The apparatus for this characterisation exercise, including sensors, test rigs, stands, and
data acquisition software are all selected or developed as part of this thesis.
Calibration of Load Cell: Testing the performance of the nozzle and cross referenc-
ing with the exhaust properties of the turbine requires that the available load cell be
calibrated. The expense of doing this externally is high and so this calibration is done
in-house using an apparatus and method developed as a part of this thesis.
Characterisation of the Micro Gas Turbine: The gas turbine is characterised to
determine fundamental properties about its behaviour for both the current thesis and for
future projects. Points of interest are: Static and dynamic thrust profile, exhaust gas
properties, mass moment of inertia, and fuel consumption.
Design Thrust Vectoring Nozzle: A full Computer Aided Drawing (CAD) is com-
pleted in Dassault Systemes Solidworks of a nozzle capable of fulfilling the thrust vectoring
requirements developed as part of this thesis. This design is informed by prior art, un-
derstanding of the theory governing its behaviour and computational analysis.
Computational Analysis of the Thrust Vectoring Nozzle: A suite of computer
based analyses are completed using ANSYS and Eilmer 3. Computational Fluid Dynamic
studies are carried out in both software packages, with thermal analysis and Finite El-
ement Analysis utilising ANSYS. Two cases will be analysed, the cruise condition, and
when the nozzle is deployed to 87.5◦.
1.4 Mission Design
As discussed in Section 1.2 this kind of technology may be used in emergency response
applications to deliver payloads such as Automatic External Defibrillators (AEDs) or first
aid kits. The proposed mission plan is as follows:
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Location information is provided as part of the emergency call via one of any number
of methods including mobile phone GPS or personal locator beacon, the supply of which
is out of the scope of this project. In response to the call, the emergency services operator
may deploy a remotely stationed UAS with an appropriate payload to the location pro-
vided. The aircraft may take off via VTOL, runway, or rail launch. Once airborne it would
cruise to the incident location at the maximum velocity it is capable of. Upon reaching
the destination, computer vision or similar object detection methods may be employed to
determine a final landing site. Landing may then be achieved using the vertical landing
mode. From there, the payload can be deployed in whatever manner is appropriate.
1.5 Aircraft Concept
Developing good requirements for the propulsion system requires a knowledge of the
intended end use, and how it will fit into the UAS as a whole. The concept used for this
project is a nuanced version of a quad-plane. Current quad-planes use a fixed wing UAS
with a propeller providing cruise thrust, and four smaller thruster mounted away from
the fuselage in an arrangement reminiscent of a quad-copter, see Figure 3. For high speed
flight a propeller driven primary propulsion system is unacceptable as the aeroelastic
stress and viscous losses, both in drag and due to tip losses become high. Thus a gas-
turbine is selected as a more suitable alternative as they are capable of reliably achieving
higher speeds. The quad thrusters mounted externally to the fuselage are an source
of drag, and so it is desirable to be able to mount them within existing aerodynamic
surfaces such as wings. The problem in doing this is that the size of propellers required
to lift a 10kg aircraft is not conducive to packaging them into these areas. A solution
to this is to shrink the diameter of the thrusters and use the gas turbine as the primary
source of vertical thrust, with the electrically driven thrusters providing fast response for
controlling the orientation of the aircraft. The thrusters can then be mounted within
existing aerodynamic surfaces such as wings with deployable covers sealing them inside
during cruise flight. This provides the a lower drag solution than having them in the
freestream flow and also increases their efficiency due to the ducting.
10
Figure 3: Airbus QuadCruiser [26]
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2 Background
2.1 Compressible Flow
The ”compressibility” τ of a fluid is defined as the change in volume of the a fluid element
of volume v for some incremental increase in pressure p. That is:
τ = −1
v
dv
dp
(1)
Note that compressibility is a positive quantity for a decreasing volume. If the volume is
taken to be the specific volume (volume per unit mass) then the density ρ of the fluid is
its reciprocal. Substituting into Equation 1 yields:
τ =
1
ρ
dρ
dp
(2)
Hence the compressibility of a fluid is the change in density per change in pressure, per
unit density.
Although all fluids are compressible, the degree to which they are varies drastically. In
many cases fluids can be considered to be incompressible, meaning that changes in den-
sity are neglected for the simplification of analysis. This is typical in situations where the
changes in pressure in the system of interest are insufficient to generate an appreciable
change in density. In gas flows, this is generally the case when the Mach number of the
flow is below 0.3 [1], where the Mach number is the local flow velocity normalised by the
local speed of sound (a):
M =
v
a
(3)
The speed of sound of an ideal gas is expressed in Equation 4 without derivation.
a =
√
γRT (4)
Hence:
M =
v√
γRT
(5)
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Where:
v = Freestream velocity
γ = 1.4 (for air) = Ratio of Specific Heats
R = 287 (for air) = Specific gas constant
T = Temperature
Incompressible flows are easier to analyse that compressible ones due to the assumption
of constant density, and usually constant temperature. With such flows the only two
unknown variables are the pressure and velocity, and so only two equations are required
for a complete solution. These are usually conservation of mass and conservation of en-
ergy/momentum in the form of Bernoulli’s principle. In compressible flow the density
and temperature are allowed to change, thus in addition to mass, momentum and en-
ergy conservation, the ideal gas law and entropy relations become important. In order to
simplify the solution of compressible flow problems, a new family of flow properties are
developed. These are known as the ”stagnation properties” and together form the ”stag-
nation condition” of the flow. These are derived from conservation of energy, assuming
a calorically perfect gas (constant specific heats) and an adiabatic flow (no energy loss
to surroundings). Physically, they represent the properties the flow would have if it were
slowed isentropically to zero velocity. They are expressed in Equations 6 to 8 with the
subscript 0 as a ratio with the static flow properties [29].
T0
T
= 1 +
γ − 1
2
M2 (6)
ρ0
ρ
= (1 +
γ − 1
2
M2)
1
γ−1 (7)
p0
p
= (1 +
γ − 1
2
M2)
γ
γ−1 (8)
These are especially useful as so long as the stagnation properties remain constant unless
affected by conditions which break the isentropic or adiabatic assumptions [1]. This com-
monly occurs when shock waves or viscous losses are present, causing a loss in stagnation
pressure, or the addition or removal of heat causing the stagnation temperature to change.
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2.2 Converging Nozzle Area Design
The primary function of any jet propulsion nozzle is to maximise the exit velocity and
hence thrust whilst operating within the capabilities of the compressor. The acceleration
due to area contraction is found using the choke area ratio A
A∗ Where A
∗ is the area at
which the flow will reach Mach 1. This is defined as shown in Equation 9 [29].
A
A∗
=
(γ + 1
2
) γ+1
2(γ−1) (1 +
γ−1
2
M2)
γ+1
2(γ−1 )
M
(9)
Since the choke area is constant for an isentropic flow a direct relationship between the
nozzle area contraction and the entry and exit Mach numbers can be derived:
Ai
Ae
=
Ai
A∗
Ae
A∗
=
Me(1 +
γ−1
2
M2i )
γ+1
2(γ−1 )
Mi(1 +
γ−1
2
M2e )
γ+1
2(γ−1 )
(10)
This relationship is plotted for air with an inlet Mach number of 0.2 in Figure 4.
Figure 4: Mach Number to Area Ratio Relationship
The maximum thrust that can be extracted from the nozzle is not only dependent on the
area ratios, but is also dependent on the avaiable stagnation pressure provided by the gas
generator. The nozzle pressure ratio (NPR) (Equation 11) is a measure of the amount of
compression delivered to the nozzle by the engine. It is defined as the average stagnation
pressure of the jet flow on the ambient pressure.
NPR =
P0,J
P∞
(11)
In order to accelerate an isentropic flow to sonic velocity the NPR must be at least 1.89
[23], any lower and the acceleration of the flow to Mach 1 will cause the static pressure
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to drop below ambient which is physically unrealisable for a subsonic flow.
The previous discussion covers the basic rules and limitations converging compressible
flow nozzles from a theoretical point of view, but there are also some practical limitations
on the area ratio used for the nozzle. Changing the exit area of the nozzle changes the
stagnation pressure for a given mass flow rate as shown in the compressor map, Figure 5.
Here it can be seen that increasing the exit area denoted as A8 will reduce the stagnation
pressure for a given mass flow rate. Conversely, decreasing the exit area raises the stag-
nation pressure, which then effects the flow inside the gas generator, primarily causing a
higher pack pressure in the compressor stage causing it to stall.
Figure 5: Typical Compressor Map [23]
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2.3 Computational Fluid Dynamics
2.3.1 Boundary layer modelling
Accurate modelling of the boundary layer is critical to accurately predicting flow prop-
erties such as boundary layer separation as well as for determining heat transfer rates.
Conventional CFD grids use a highly refined region close to the wall to capture the large
velocity and temperature gradients close to the wall, however more recent developments
have allowed the use of wall functions which allow the approximation of the boundary
layer profile with a coarser mesh.
The log-law, or law of the wall is a self-similar model originally published by von Ka´rma´n
in 1930 describes the velocity profile of a turbulent flow close to the wall. von Ka´rma´n’s
log-law is not a highly accurate solution, nor the solution employed by this thesis, how-
ever it provides a simplified insight into operation of more modern models constructed
using the same principle. The model splits the near wall region into two distinct sub-
regions, the viscous sub-layer, where the flow is dominated by viscous forces and the
log-law region, where the dimensionless velocity increases approximately logarithmically
with dimensionless wall distance. The dimensionless velocity and wall distance are defined
as such:
Dimensionless velocity: u+ ≡ U
u∗
(12)
Dimensionless wall distance: y+ ≡ u
∗y
ν
(13)
Where:
u∗ ≡
√
τw
ρ
= Friction velocity
U = Local velocity
ν = Kinematic viscosity
τw = Wall shear stress
ρ = Density
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Figure 6: Law of the wall [11]
The logarithmic region uses two empirically determined coefficients: von Ka´rma´n’s con-
stant κ ≈ 0.41 and another constant B ≈ 5.1. The buffer region seen in Figure 6 is a newer
construction and is not present in von Ka´rma´n’s original paper, but has come about as a
way of removing the discontinuity between the original two zones. The Launder-Spalding
model employed by ANSYS Fluent uses this approach and can also been adjusted to
respond to the effect of pressure gradients acting on the boundary layer by using a non-
equilibrium wall function. All log-law wall functions use the assumption that the boundary
layer has a high Reynolds number and is hence fully turbulent. There are methods for
solving problems where a laminar to turbulent transition is expected, but since the inlet
flow is expected to be turbulent, the assumption that the boundary layer will be fully
turbulent has will be made.
The importance of the log-law as applies to CFD mesh generation is that most tur-
bulence models and wall functions are applicable with certain y+ values for the nodes
closest to the wall. For example, a Spalart-Allmaras model is designed to be integrated
to the wall, and so requires a y+ ≈ 1, whereas a k −  model with a wall function ideally
requires 30 < y+ < 300. These requirements are driven by the mathematics of the models
themselves and the manner in which they are solved. It is possible to obtain a solution
even with non-ideal y+ values, however the accuracy of the boundary layer modelling will
be reduced.
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2.4 Turbulence Modelling
The purpose of the turbulence model is to resolve the ”closure problem” that occurs when
random velocity perturbations are included in the governing Navier Stokes equations.
These random perturbations are used in the Reynolds Averaged Navier Stokes (RANS)
family of solvers to represent the chaotic local velocities present in turbulent flows. The
RANS momentum transport equation is shown in Equation 14 without derivation.
ρu¯j
∂u¯i
∂xj
= ρf¯i +
∂
∂xj
[
−p¯δij + µ
(
∂u¯i
∂xj
+
∂u¯j
∂xi
)
− ρu′iu′j
]
(14)
The left hand side of this equation is the change in mean momentum. The right hand
side features the effect of body forces (ρf¯i), pressure forces (− ∂∂xj p¯δij), viscous forces
( ∂
∂xj
µ
(
∂u¯i
∂xj
+
∂u¯j
∂xi
)
), and an additional term known as the Reynolds stress, which is the
density multiplied by the mean of the multiple of random velocity perturbations in i and j
directions. This Reynolds stress is what is modelled by a turbulence model, this is either
done directly or by using an approximate approach making the assumption that the eddy
viscosity is isotropic, where the eddy viscosity µt is related to the Reynolds stress by
Boussinesq’s hypothesis, Equation 15.
−ρu′iu′j = µt
(
∂Ui
∂xj
+
∂Uj
∂xi
− 2
3
∂Uk
∂xk
δij
)
− 2
3
ρkδij (15)
The choice in turbulence model is one of the most important decisions in the design of a
CFD problem as the way in which the Reynolds stress is modelled has a large impact on
the types of flow features that are present and what the overall effect of turbulence is in
the problem.
The exhaust flow is expected to have a high flow curvature, adverse pressure gradients,
separation and reattachment, circulation and rotating flow, as well as significant shearing
at the jet boundary. This makes for a complex flow field from a turbulence modelling
point of view. Additionally, limitations on computational power and the physical geom-
etry encourage the use of robust models, preferably using a wall function approach. The
following models were short-listed for use on this problem: Spalart-Allmaras; k− ; Tran-
sition Shear Stress Transport (SST); and Reynolds Stress Models (RSM). All of these
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models are available in ANSYS Fluent and have been evaluated from both a theoretical
standpoint and from testing the problem with each model. The information described
here is derived primarily from the ANSYS Fluent Theory Guide [2].
Spalart-Allmaras model
The Spalart-Allmaras (SA) turbulence is an empirically derived single equation turbulence
model which has been designed to work well for external aerodynamic flow such as flows
over wings. As the model is only a single equation it operates with a low computational
expense and is generally less sensitive than higher order models and hence can provide
better convergence characteristics. The main issues with this model are that it is designed
to be integrated to the wall, and hence requires a fine (y+ ≈ 1) near-wall mesh, and that it
the underlying assumptions break down once flow separation occurs. This leads to poorer
performance for flows where high turning angles, swirling flows, and high shear rates are
expected.
k − 
k −  is a semi-empirical two equation turbulence model that models the eddy viscosity
using turbulent kinetic energy k and its dissipation rate  as shown in its standard form
in Equation 16. These quantities are transport properties of the flow and have their
own transport equations accounting for the generation, diffusion and destruction of both
terms.
µt = ρCµ
k2

(16)
The standard k −  model is not a physically realisable model, meaning that the approx-
imations that it makes are not general to all flow fields and will produce non-physical
results under high strain rates. This is seen in it’s documented problems in resolving high
shear, rotating, and high curvature flows. This has been addressed by the k−  Realisable
model, which uses an alternative turbulent kinetic energy dissipation transport equation
and makes the constant Cµ a variable based on the mean strain, rotation, and angular
velocity of the local flow. These changes make the k− Realisable model far better suited
to modelling complex flows than the Standard model.
Transition SST
The Transition SST model available in ANSYS works by combining the previously dis-
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cussed k− model in the free stream with the k−ω model near the wall. The k−ω model
better predicts the boundary layer especially under high adverse pressure gradients when
compared to the k−  model but performs poorly away from the wall. By combining both
of these models, SST models get the best of both models whilst avoiding their individual
disadvantages. The disadvantage of k− ω is that it requires a y+ ≈ 1 to function, and so
the Transition SST model also requires this condition. Additionally it is a four equation
model, and so has a higher computational expense than either k −  or k − ω models.
Reynolds Stress Model
The Reynolds Stress Model (RSM) does not use eddy viscosity to solve for the Reynolds
stress. Instead it treats the Reynolds stress as a transport property and solves for the
production, destruction, dissipation, as well as the effect of rotation and pressure-induced
strain. The key advantage of this model is that the assumption of isotropic eddy viscosity
is removed as well as the associated realisability issues. By modelling the Reynolds stress
directly, RSM can account for all forms of influences by the surrounding flow, including
pressure gradients, compressibility, rotation, and viscous heating. This gives a far more
general model for the Reynolds stress which is not limited by high shear rates, curvature
or other flow properties. The implementation of RSM in ANSYS allows for the use of
wall functions and so a coarser mesh may be used.
2.4.1 Viscosity
Performance loss in subsonic nozzles operating at design conditions are primarily caused
by skin friction layer drag. Boundary layer separation and vortex generation are also
introduced by turning the flow and using sharp geometry in the nozzle. These factors are
considered to be highly important in determining the performance of the design and so a
viscosity model which accounts for the effect of temperature on viscosity must be selected.
Sutherland’s law viscosity model is widely used for aerodynamic and ideal gas flows due to
its simplicity and good accuracy. This model is based on kinetic theory of gases and takes
three coefficients: a reference temperature and viscosity, and a charachteristic ”Suther-
land temperature”. The relationship between temperature and viscosity for air remains
valid with an error no greater than 2% over temperatures from 100 to 1900K [10]. Its
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three coefficient form is shown in Equation 17.
µ = µref
(
T
Tref
) 3
2 Tref + S
T + S
(17)
Where:
µ is viscosity,
T is temperature,
µref = 1.716× 10−5[kg/ms] is the reference viscosity,
Tref = 273.11[K] is the reference temperature, and
S = 110.56[K] is Sutherlands temperature
Figure 7: Sutherlands law viscosity model
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3 Prior Art
3.1 Test probes
Flow property information in compressible flow is usually gathered by utilising stagnation
properties. With knowledge of the stagnation temperature, pressure and flow direction,
the flow state can be fully defined in terms of its stagnation properties. When appropriate
boundary conditions are applied, this then yields the static flow properties. Stagnation
pressure and temperature probes are designed to record the properties of the gas once it
has been brought to rest. For each type of instrument there are a number of key factors
which are important for the robustness and accuracy of the measurements they take.
3.1.1 Stagnation Pressure Probe
Stagnation pressure probes come in a variety of types, ranging from straight tubes through
to complex vented tubes with highly optimised internal geometry [12]. The main sources
of error in stagnation pressure reading of subsonic flows comes from swirling flow. The
gas leaving the engine is highly likely to be swirling due to the chaotic nature of the com-
bustion process. For this reason and since the manufacturing capability of this project is
limited, the present discussion is limited to stagnation pressure probes of simple design
and with research outcomes aligned with reduction of error in swirling or skewed flows.
Simple stagnation pressure probes take the form of a tube, sometimes with a modified
internal geometry at the tip. It is worth noting that changes to external geometry, such
as rounding the tip as is common in pitot-static probes is uncommon as they are highly
sensitive to the angle of incidence to the flow [12]. Examples of the modification to the
internal surface include introducing chamfers, radii, or concave sections. In some designs,
the probe is tapered, and the internal geometry forms a cavity into which the gas expands.
Examples are shown in Figure 8.
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Figure 8: NASA Report 1303 stagnation probes [12]
Testing completed as part of NACA Report 1303 characterises six different simple probe
geometry types, with a total of 11 variations. The metric chosen to compare probes was
defined as the sensitivity angle and is the angle at which the measured stagnation pressure
deviates by more that 1% from its true value. Comparison of the types and dimensional
variations of the tubes yielded relationships on the effect of impact area, inner and outer
geometry type, and the effect of varying critical dimensions of these geometry types on
the sensitivity angle. The following key conclusions of relevance were made [12]:
• A cylindrical probe with sharp leading edges outperforms a similar probe with either
a slanted or ogival external profile
• Increasing the impact area with respect to the tube size increases the sensitivity
angle
• The most effective internal geometry is a conical profile with performance improving
with decreasing angle. The results are cease to be sensitive once this angle becomes
smaller than 30◦.
3.1.2 Stagnation Temperature Probes
There are three main considerations to take into account when designing a stagnation
pressure probe: The response time; recovery factor losses; and suitability for application
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[7].
As the temperature of the flow does not propagate quickly like the stagnation pressure the
probe must have some mechanism of removing air when testing conditions are transient.
If this is not done, then the gas in the stagnation region may become trapped, separating
the temperature sensor from the flow of interest. At the same time, the probe must still
adequately stagnate the flow to retrieve an accurate reading of the flow properties. The
predominate method of achieving this for high accuracy probes is by shielding the tem-
perature sensor stalk and then venting the shield downstream [7]. This is fundamentally
the same as a vented stagnation pressure probe. Whilst a wide variety of designs exist
bases on this concept, most of them are difficult to manufacture or are not conducive to
incorporating with a stagnation pressure probe.
In the ideal case, the gas that stagnates against the tip of the thermocouple will heat
the junction to the same temperature as the flow. In real gas flows, the probe will not
fully stagnate the gas in a adiabatic manner and will both conduct and radiate heat away
from the junction. Additionally the measured stagnation temperature is subject to a
recovery factor (r) which is a function of the thermal capacitance, thermal conductance,
and real gas properties [7]. The cumulative effect of these effects leads to the measured
stagnation temperature being modified as shown in Equation 18.
T0,meas
T
= 1 + r
γ − 1
2
M2 (18)
Where:
r =
T0,meas − T
T0 − T (19)
Assuming that radiative losses are negligable [32].
The performance of a probe may also be measured by the recovery ratio:
R =
T0,meas
T0
(20)
Work by Stickney [30] demonstrated the recovery ratio for exposed thermocouples in
low temperature flows. His aim was to determine the recovery ratios assuming there
was negligible heat transfer from the probe via heat transfer or radiation. The probe of
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interest resulting recovery ratios for all probes is are shown in Figures 9 and 10. The
results show that for a Mach number of 0.6 the recovery ratio is greater than 99%. This
would indicate that so long as the junction is sufficiently isolated from the probe such that
the heat transfer is minimal, and assuming that the radiative heat transfer is low, that
the measured value of the thermocouple will be close to the true stagnation temperature
of the flow.
Figure 9: Probe 2 [19]
Figure 10: Probe Recovery Ratios [19]
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3.2 Thrust Vectoring Systems
Research into thrust vectoring systems has been focused primarily on defence and space
applications. In aeronautics, thrust vectoring (TV) systems are primarily used to increase
the manoeuvrability of fighter aircraft and allow controllability at high angles of attack.
The flight regimen and design requirements for these aircraft are significantly different
from those being investigated as part of this project, however the underlying physical
phenomena are the same.
Typical military turbojet driven aircraft can produce an NPR up to 30 [9]. The micro-
scale engines used in this project are likely to have a maximum NPR of approximately 1.3
[17]. The NPR has a direct influence on the nozzle design concept, with some nozzle types
being advantageous for high NPR, but poor for others. This is due to the property that
for maximum thrust the exit pressure of the nozzle must equal that of the surrounding
atmosphere. If the nozzle pressure ratio is high, then the flow must be accelerated past
Mach 1 to achieve this condition and requires the use of a converging-diverging (CD)
nozzle. The the NPR above which a CD nozzle will be theoretically be beneficial is
approximately 1.89 in air as at this point the flow will be perfectly expanded with the
atmosphere with a Mach number of 1. Thrust losses associated with underexpansion for
NPRs of approximately 3 are in the order of 1%, and so it is common to use a converging
nozzle to reduce mass, mechanical complexity, and allow for efficient operation at NPRs
of less than 1.89 [9].
There are several established methods for vectoring the exhaust flow through a nozzle,
all of which have notable advantages and disadvantages. These methods are categorised
as gimballing, nozzle geometry augmentation, exhaust gas deflection, or secondary fluidic
injection concepts.
3.2.1 Gimballing
Gimballed engines have seen use in a wide range of propulsion systems, including the
propller driven Bell Boeing V-22 Osprey, through to most modern rocket motors. One
example is the EWT VJ 101, an experimental tiltjet aircraft which features wing tip
mounted just engines capable of rotating through to vertical. The primary advantage
of this method is that it does not require the specialist design of a nozzle to re-direct
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the flow. This concept has not been widely adopted because of the restriction on engine
length. The efficiency of a jet engine is tied directly to the amount of compression that
can be achieved, with higher compression ratios requiring more compressor stages. This
conflicts directly with the requirement of having an engine which is short enough to rotate
to an upright position whilst retaining an acceptable ground clearance. This is effectively
mitigated in the context of micro-gas turbines, which use a centrifugal rather than axial
compressor are hence far shorter. A study by Schaefermeyer attempted to use a micro-gas
turbine with an exhaust gas deflection concept mounted vertically in a gymbal to achieve
vertical flight. He found that the dynamic gyroscopic forces made the aircraft unstable
when controlled using his PID controller [25]. This may be reduced by not using exit vanes
or by using two counter-rotating engines. Unfortunately, these engines are not produced
in counter-rotating pairs and so the engines would have to be custom built.
3.2.2 Exhaust Gas Deflection
Exhaust gas deflection is achieved by inserting either aerofoils or flaps into the flow exiting
an existing nozzle. Historically this has been used in missile systems partly due to its
low complexity, however it has been used in experimental aircraft such as the F-18 High
Alpha Research Vehicle (HARV) and Rockwell-MBB X-31.
Figure 11: AAM-5 Missile Nozzle [21] Figure 12: Rockwell-MBB X-31 Nozzle [28]
Since this method involves inserting additional obstruction into the flow there it generates
a loss in thrust due to viscous effects. The F-18 HARV nozzle, which is similar in design
to the tri-petal design shown Figure 12 produced a yaw angle of 25◦at a NPR of 3 with a
loss in thrust of approximately 27% [18]. This is primarily due to the petals not closing
around the flow, and so achieving high angles requires a very large deflection of the
control surfaces. This is then combined with the high viscous losses associated with the
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flow spilling from the edges of the petals resulting in poor performance at high thrust
vectoring angles. Inserting aerofoils into the flow only allows for low vectoring angles
as at high angles the aerofoil will suffer from boundary layer separation and generate a
recirculating eddy in its wake. This both increases the viscous loss and reduces the ability
of the aerofoil to turn the flow. These performance characteristics make this method of
vectoring unsuitable for VTOL applications where this high angle is necessary, however
they may provide fine control when used in conjunction with another concept which may
otherwise have poor control over the resultant thrust angle.
3.2.3 Secondary Fluidic Injection
Fluidic injection methods in aerospace have so far been limited to research. In this con-
cept, the flow is deflected by injecting a cross or counter flow into the exhaust and may
control the gas flow by deliberately generating flow structures such as shock waves or re-
circulating eddies. These nozzle have little to no moving parts which gives them superior
reliability to other designs. Additionally, as they typically operate by injecting cold air
along the wall of the nozzle, the wall heating is reduced. Investigations into this method
have yielded mixed results.
A study by Wing [33] investigated the effect of using secondary gas injected along the
walls in the direction of the primary flow combined with deflecting flaps at the nozzle
exit. The aim of this experiment was to determine the effectiveness of using the Coanda
effect generated by the secondary flow and flaps to generate a change in vector angle.
This method was found to be able to deflect the flow by up to 29.15◦at a NPR of 2.001.
The resultant thrust loss at this angle was 10%, however this can largely be attributed
to the nozzle operating at an off-design condition. Additionally, Wing noted that this
particular test is likely influenced by an injection slot cavity present in the test model
which may have swallowed the boundary layer, yielding a different shock structure that
would be expected. This change is noted to be highly unstable, and so these higher angle
results may not be of realistic use. This experiment also found that the pressure required
from the secondary flow approaches the NPR of the primary flow, and so either pressure
must be bled from the primary engine, or a secondary pump be used to supply the flow.
Other investigations into this method using different methods have reached similar per-
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formance characteristics. A study into counterflow thrust vectoring by Period reached a
maximum thrust vectoring angle of 20◦for a subsonic flow. The reason for the limitation
is due to the gas separating from any guide surface that is used [22].
This concept is shows little promise for the present application as the increased com-
plexity and low turning angle does not lend itself to a small scale implementation. Whilst
it may be better than a exhaust deflection concept at performing fine control due to its
higher efficiency, mounting such a mechanism onto a highly mobile assembly would be
difficult.
3.2.4 Nozzle Geometry Augmentation
Nozzle geometry augmentation involves changing the internal geometry of the nozzle to
redirect the flow. Implementations of this include the ”turkey feather” Axisymmetric
nozzles seen on the Sukhoi SU-35S and the ducted nozzles on the BAE Sea Harrier. This
concept has seen a great deal of success in VTOL applications, with the Lockheed Martin
Lightning II, and the Harrier both using augmented geometry nozzles (AGN).
Figure 13: SU-35S Vectored Nozzle [13]
Figure 14: BAE Sea Harrier Nozzle [14]
Research and development of AGNs has generally revolved around low angled applications
under 30◦, with some exceptions. Research is lacking in ducted designs as is seen in the
Harrier, this is potentially due to higher turning losses and lack of afterburning capabil-
ity that ducted systems suffer from making them undesirable in a modern military setting.
The key advantage of AGNs is that the flow is highly constrained and so large turn-
ing angles can be achieved for comparatively minor thrust losses. This was shown by
Mason and Burley [19] who studied both antisymmetric and 2D CD nozzles under the
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same conditions up to deflections of up to 80◦. It was found that flow deflection angles of
80◦could be achieved with a loss of 2% when compared to the ideal case [19]. This result
was also found to be true, regardless the nozzle cross section. Their worst performing noz-
zle was able to reach a flow deflection angle of 70◦with a loss of 4% despite the flow going
through right angle turns shortly before leaving the nozzle. This result demonstrates the
robustness generated by retaining a constrained flow. This experiment also found that
the thrust loss is greater with lower NPR, this is in contrast to other studies, which have
demonstrated better performance when the flow turning occurred at lower NPR [4]. This
result was attributed to a higher amount of flow separation at these NPRs. This also
contradicts other studies which came to the conclusion that the increased performance at
low NPR was due to the reduced separation [3]. This disparity could be justified as the
separation in Mason and Burley’s case is occuring just before the nozzle exit, and so a
higher NPR may deform the bubble such that it is forced out.
Figure 15: Cross section and performance of one of Mason and Burley’s nozzles [19]
Some of the key aspects of thrust vectored nozzle design are summarised in a study by
Bare and Reubush [3]. Their experiment demonstrates a typical CD nozzle with an slanted
diverging section. In their study they found higher thrust vectoring angles were achieved
at lower NPR, especially when the flow was not fully constrained such as when the side
walls are cut back, or for Single Expansion Ramp Nozzles (SERNs). Additionally, they
confirmed that there is a loss of thrust associated with higher angles of convergence and
turning angles within the nozzle. The effect of increasing the approach angle to the nozzle
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throat from 7◦to 27◦is approximately 1%.
SERNs have been investigated independently by Capone [5] who tested converging di-
verging SERNs under the same conditions as Bare and Reubush. He found that SERNs
were capable of producing thrust angles greater than the geometric angle of the nozzle,
with a 20◦deflection producing a 30◦vector angle at an NPR of 7. This is due to the flow
not being constrained on one side, causing the flow to expand out away from the wall.
The unbalanced expansion surface of the nozzle was found to experience compression and
expansion waves which shift in location with NPR causing a pitching moment dependant
on the NPR.
By fully constraining the flow the nozzle can be made to produce a wide range in re-
sultant thrust angles. This is highly advantageous for this project as no other method
has provided a singular solution to the problem of producing the required vector angle.
Other design parameters such as mechanical complexity and controllability are dependent
on the exact nozzle design chosen.
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4 Thrust Stand Design
4.1 Test Probe Design
Design of the thrust vectoring nozzle requires knowledge of the exit conditions of the
engine. Some basic exhaust gas data is published by the manufacturer, however the as
the method used to derive these figures is unknown and unverified. The flow properties at
the exit plane of the original nozzle were measured as part of the engine characterisation
testing. This fact combined with financial constraints have necessitated the in-house de-
sign of a sensor apparatus capable of scanning across the exhaust plane of the engine and
collecting flow properties. The intent was to use this information to validate the CFD
models used in this thesis, however due to unavoidable project delays the testing was only
completed very late in the project and so this is left for future work.
Available manufacturer data for the P80SE indicated that the exhaust gas velocity and
temperature would be approximately 400m/s and 970K respectively [17]. The exhaust
gas was assumed to be ideal air due to the fuel-air ratio being low at approximately 1.5%.
From this the Mach number of the flow is found to be approximately 0.64 at the exit
plane of the original nozzle. Using the isentropic flow relations, this equates to a stag-
nation pressure ratio of 1.31 and a stagnation temperature ratio of 1.08. Assuming that
the static pressure at the nozzle exit is equal to the atmospheric pressure, the stagnation
pressure of the flow is expected to be approximately 132kPa (absolute). The stagnation
temperature is similarly found to be approximately 1050K.
In order to satisfy the calculated pressure requirement, a Honeywell TruStability 5psi
differential pressure transducer has been procured. The 5psi (≈34.5kPa) range offered
by this sensor is close to the range expected, and has a total error of less that 1% of the
total measurement range, with a 0.25% error once the transfer function has been found
during calibration [27]. This choice of sensor was made primarily due high accuracy of
the sensor, availability and financial considerations. The temperature measurement is to
be taken using a Labfacility K-type thermocouple capable of reading temperatures up to
approximately 1370K and amplified using a AD595AQ Thermocouple amplifier.
The probe is a 3.18mm diameter stainless steel tube with a 1.76mm inner diameter bent
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at at 90◦40mm from the end. Stainless steel was chosen due to its stability at high temper-
atures, the diameter was determined by the availability of stock. The smallest available
diameter was taken to reduce the impingement of the probe on the flow field in order to
minimise alterations to the flow. It was the original intent to add a chamfer to the internal
opening of the probe to improve the robustness of the measurements to the swirling flow.
After the material stock was purchased it was discovered that an 1mm, 45◦chamfer was
already present on each end of the stock. Although not the ideal 30◦as identified by the
prior art this chamfer was kept as the improvement to the measurement would be minimal
for the effort required to alter the internal geometry of the probe. The original design
for the probe involved inserting the thermocouple through a hole side of the probe and
running to the tip of the probe. This design was changed after it was determined that
sealing the hole would be difficult due to the potentially high temperature environment
which may have degraded any epoxy or similar sealant. Instead, the thermocouple was
fed through the end of the probe using a T-piece connector, the other side of which runs
the pressure line to the transducer.
Figure 16: Revised probe layout
As discussed in Section 3.1.2 The temperature readings are dependent largely on the
total thermal capacitance of the thermocouple. Thus, the thermocouple tip should be
33
positioned as far as reasonably possible from the rest of the probe to minimise the con-
duction of heat from the junction to the probe. Initially, it was believed that the 1mm
diameter of the thermocouple would be sufficiently small that conduction from the junc-
tion would be low. The original design had the junction protruding 2mm from the probe
tip to allow the probe to be as close to the exit plane as possible. It was discovered in
the instrumentation testing and debugging that this distance was too small as the data
showed a small increase in temperature over the duration of the test, regardless of position
across the nozzle. This behaviour is consistent with the heating of the probe drawing heat
from the thermocouple at decreasing rate as it reaches equilibrium. To amend this the
protrusion was increased to 4mm which resulted in the probe being moved further from
the nozzle exit. This change eliminated the transient heating issues seen previously.
Figure 17: Probe position
The probe was mounted to a linear sliding rail driven by NEMA 17 stepper motor with
a 1.8◦step angle using an M5x0.8 threaded rod. Stepper motor power was provided by
a dual H-bridge driven by an Arduino. The design allowed for approximately 70mm of
travel which is sufficient to comfortably scan across the full nozzle exit plane. The ability
to scan the full plane was chosen as it was not known if the assumption that the exhaust
flow was axisymmetric was a good assumption.
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4.1.1 Control and Data acquisition
Control of the engine throttle and collection of temperature and pressure data was done
using a LabVIEW VI. This VI used elements from the LabVIEW Interface for Ar-
duino Library to jog the stepper motor, as well as controlling a Pulse Width Modulated
(PWM)output to the throttle input of the Engine Control unit (ECU). The VI also uses
in built functionality to communicate with a National Instruments USB-6008 Data Ac-
quisition (DAQ) unit that was used for collecting the raw voltage data from the probe.
The DAQ unit was operated in a differential voltage mode as opposed to Reference Sin-
gle Ended (RSE) as the differential mode allows for an 11-bit resolution, whereas RSE
only allowed for 10-bits. Data was logged at 100Hz which was the limit that LabVIEW
was able to read. The ECU logs its own set of RPM, throttle position, and exhaust gas
temperature data which is downloadable at the end of each testing session.
4.2 Thrust monitoring
For the development of the control system it is necessary to fully characterise the force
provided by the engine at all throttle settings as well as identify the transient response of
the engine. The latter, known as spooling when applied to jet engines, is highly significant
as it poses a significant limitation on the gain that can be applied to any control loop. To
meet this testing requirement, the engine was mounted to a JR3 67M25A3 100N 6 axis
load cell currently owned by the University of Queensland Robotics Design Laboratory.
4.3 Calibration
4.3.1 Pressure Transducer
The 5psi range of the pressure transducer chosen for these experiments was calibrated
manually using a mercury manometer. This method was chosen as 5psi was too low a
range to calibrate with the weight and piston arrangement at the university, and the 10.18
inches of mercury is a far more manageable scale than the approximately 3.5m of water
that would be required if a water manometer were used. The mercury manometer at
The University of Queensland measures in inches with increments of 1/20th of an inch.
Readings are taken from the level of a metal wafer which sits on the end of a piston that
floats on top of the mercury, thus eliminating any error due to the meniscus. A magnifying
glass is fixed to the vertical supports of the manometer, allowing the wafer to be viewed
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at a higher magnification. The manometer is zeroed using a micrometer at the base.
Figure 18: Wafer and micrometer
Figure 19: Magnifying glass
The a syringe and a pressure transducer were plumbed to the base of the manometer. The
manometer was then pressurised using the syringe until the wafer reached the first inch
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marking. The pressure was adjusted whilst observing the waver through the magnifying
glass, when the wafer aligned with the first inch marking, the pipe to the syringe was shut
using a clamp. Data was then read out of the transducer over a serial connection using an
Arduino to interpret the SPI signal given by the transducer. The clamp was then released
and another half an inch of mercury of pressure was added using the syringe. This was
repeated up to the 10 inch mark. The results were then converted into SI units yielding
the calibration curve is shown below in Figure 20.
Figure 20: Pressure transducer calibration curve
4.3.2 Thermocouple
The K-type thermocouple was calibrated using a Fluke Dry-well temperature calibration
unit. The well used was a stainless steel bar with several 150mm deep holes of varying
diameters. The smallest diameter hole available was 3mm which is significantly larger
than the 1mm diameter thermocouple. To attempt to improve the conduction to the
thermocouple the well was packed with two approximately 1mm diameter stainless steel
tubes. Data was collected from the thermocouple with the same setup as used on the
test stand. Data points were first taken with increasing temperature at 50, 250, 450 and
660oC, allowing the temperature reported by both the dry well and the thermocouple to
reach a steady state within 0.1◦C of the desired value. The remaining data points at 550,
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350 and 150◦C were collected with decreasing temperature, again allowing for an equilib-
rium temperature to be reached. The resulting calibration curve is shown in Figure 21.
The maximum temperature supported by the dry well is 660◦C, which is lower than
the maximum temperature expected in the testing, however the relationship between the
temperature and voltage is strongly linear with an R2 value of 1 when rounded to five sig-
nificant figures. It is assumed that this trend will continue over at least the temperature
range that will be tested, up to 700◦C.
Figure 21: Thermocouple calibration curve
4.3.3 Load Cell
The JR3 Load Cell that is used in these experiment had not been calibrated in some time
and so had drifted from its true values. Calibration of this sort is usually done by the
manufacturer, and usually at a high price thus it became necessary to generate a set of
calibration values. Two matrices are required to transform applied loads to a real force
value, the first being an array of offset values ~O, and the second being a Jacobian matrix
[S]to scale the forces and moments and accommodate cross coupling of the axes. In this
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implementation the output force array ~F is related to the input load ~P by:
~F = [S](~P + ~O) (21)
That is, the load has the zero point offset applied to it, and is then passed through the
Jacobian matrix.
The load cell was calibrated using a set of 3D printed brackets which mount a set of
bearings which were allowed to spin freely. A plastic wire is tied around the bearing on
the load cell bracket and fed over the top of the remote bracket down to a set of hang-
ing weights. The load cell bracket has a swivel bearing incorporated into it allowing the
bracket to rotate freely about the z axis of the load cell to prevent unwanted moments
being transmitted. There are a number of slots in each bracket to enable the bearings
to be moved up and down to enable the moment do be changed without changing the
applied mass. A mockup of the arrangement used is shown in Figure 22.
Figure 22: Mock Arrangement of Calibration Brackets
The Z axis loading was achieved by using the bearing on the load cell bracket and a metal
roller as the supports for a simply supported beam which was then loaded with 2.5kg
masses at various positions along its length. All other tests were loaded by hanging the
same 2.5kg masses from the end of the wire. Six groups of test cases were carried out to
acquire the basic sample set for generating the calibration matrix. Each of these cases
started with a single mass and increased until the limit of the measurement range of the
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load cell had been reached which through appropriate selection of moment arms, resulted
in up to four weights being added in total.
The actual applied loading was calculated and compared against the results given by
the load cell. A linear regression was used to determine the relationship between the
applied load or moment and the reported value. The coefficients of these regressions were
used to populate the Jacobian and offset matricies. Coupling between forces and moments
were not considered in this exercise as the time taken to manually determine each value
is high considering the small increase in accuracy that would be obtained from including
them. The resulting matricies are shown in Tables 1 and 2.
Table 1: Offset Vector
+
Px -8.4733
Py 9.7958
Pz 3.5269
Qx -7.6288
Qy 1.7732
Qz 0.2457
Table 2: Scaling Matrix
× Fx Fy Fz Mx My Mz
Px 1.113 75.188 -217.391 0.000 0.000 0.000
Py -178.571 1.118 -53.763 0.000 0.000 0.000
Pz -1428.571 27.624 1.010 0.000 0.000 0.000
Qx 0.000 0.000 0.000 0.106 0.904 23.310
Qy 0.000 0.000 0.000 -1.052 0.112 -30.395
Qz 0.000 0.000 0.000 -0.245 -0.419 0.098
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5 Engine Characterisation
The engine is mounted top of the load cell as shown in Figure 23 with the positive x axis
pointing towards the front of the engine.
The ECU was loaded with the nominal pulse width values that the Arduino was pro-
ducing for minimum and maximum throttle setting as well as the maximum throttle
trim. The maximum throttle trim PWM was set to 50%, which the ECU then interprets
as being idle. This was not known at the time, and a lower value may have been a more
sensible option, however this does not impact on the performance of the experiment as
all data can be traced back to a particular RPM value.
Figure 23: Thrust Stand Setup
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5.1 Static tests
Static tests were performed at throttle positions of 50, 70, 80, 90 and 100%. The test at
60% was missed as both fuel and time were running low on the test day at it was deemed
to be the least important of the tests as it is expected to be a rare throttle position for
the application.
During the test the probe was driven across the exit plane of the turbine in increments
of 2.64mm, and then back in the other direction to allow transient effects such as probe
heating to be identified. Data was collected at each point for approximately 4 seconds,
the average of the last 1 second of data is used to allow for the thermocouple to reach
equilibrium. The stagnation temperature and pressure for the maximum thrust setting
are displayed in Figures 25 and 24, similar plots for other throttle settings can be found
in the Appendix. Additionally, the fuel container was placed on a set of digital scales and
the value recorded with a camera to yield the fuel consumption for each test.
Stagnation Property Measurements
With the exception of the values at ≈5mm, the stagnation pressure plots agree with the
expectation that there would be a loss in stagnation pressure around the centre of the
nozzle. This is likely caused by a combination the flow expanding and hence slowing as
it moves along the turbine outlet fairing and the flow separating as it does so. It is also
noticed that the dip is not necessarily centred, which may be due to the exhaust gas exit-
ing the turbine asymmetrically. There is no know reason for the outliers at 5mm or why
they are present at for both forward and backward sweeps. This behaviour is not present
in any of the other tests. In data recorded for throttle settings of 70, 80 and 90% there
are consistently high pressures recorded at 0mm. It is also unknown why this has occurred.
The stagnation temperature for the tests show similar trends to the stagnation pres-
sure plots. At all but the idle condition there is a dip in the stagnation temperature at
approximately the same position as the lowest stagnation pressure. The region where the
probe is still heating can be seen clearly on the forward moving scans, but this disappears
within the first 15mm and from then on the forward and backward scans are in agreement
indicating that the heat loss to the probe has largely stopped.
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Figure 24: Stagnation Pressure Scan
Figure 25: Stagnation Temperature Scan
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Averaging of Stagnation Properties
Since the nozzle is circular the weighted average must be calculated. This is done by
taking the midpoint Riemann sum of the stagnation properties and dividing by the total
area covered by the sum as shown in Equation 22.
R∑
r=−R
Po,rpi([r + h/2]
2 − [r − h/2]2)
R∑
r=−R
pi([r + h/2]2 − [r − h/2]2)
(22)
The average stagnation temperature and pressure for all of the tests is shown in Figure
26. The stagnation pressure shows a linear relationship with throttle position which is in
keeping with a linear throttle to thrust response. The full throttle test is lower than the
linear fit would suggest based on the other data points, this may be in part due to the
outliers at 5mm which, although removed from the averaging, do not reflect the higher
than average expected stagnation pressure near the nozzle wall. If the stagnation pressure
for maximum throttle is derived using the linear fit of the other data points then it is
found to be 31164Pa, which is close to the 31000Pa specified on the data sheet. The
stagnation temperature is also nearly linear with the exception of the idle test. This is
possibly due to the fact that the idle test was conducted after the 70% test and since
the flow velocity is very small the residual heat in the probe dominates any flow related
information for this test.
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Figure 26: Stagnation Temperature and Pressures for All Tests
Thrust Response
The thrust was found to have a linear relationship with the throttle position quadratic
relationship with RPM. It is likely that the ECU was calibrated to produce this behaviour
for intuitive control by remote control.
45
Figure 27: Thrust to Throttle Relationship
Figure 28: Thrust to RPM Relationship
Fuel Consumption
Viewing of the video of the full throttle test yielded a fuel consumption of 4.5g/s. Un-
46
fortunately due to a camera malfunction video was not acquired for the other tests. This
value aligns with the manufacturer specifications for the engine.
5.2 Dynamic Test
The engine was repeatedly run from idle to the full throttle in order to determine both
the time taken to spool up as well as the moment of inertia of the components inside the
turbine. Figure 29 shows one such test.
Spooling
The time taken to rise from idle to full throttle is approximately seven seconds, which
is very significant if there is intent to control the attitude of an aircraft. In application
the thrust will likely only be changing slightly to maintain control is likely to involve
fluctuation in desired force in a similar or smaller time scale to the response of the engine.
To properly understand the dynamics of the turbine under these conditions it is necessary
to conduct additional testing. This may include ramping up and down from a wide
combination of throttle values and should include tests where the desired thrust is changed
faster than the engine can respond.
Figure 29: Spooling of Engine
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Mass Moment of Inertia
The mass moment of inertia was calculated as following:
1. x axis force and moment data were normalised
2. The normalised value of the force was taken away from the normalised moment to
remove any linear effect that the thrust was contributing to the
3. The moment was then un-normalized
4. The angular acceleration of the turbine was found using the timed difference in
engine RPM from the ECU
5. The moment of inertia was found by: I = T
α
This yielded a moment of inertia in the range of 0.001 to 0.002kg m4. This will not be
elaborated on as the data that was used to calculate these values is somewhat lacking,
and further analysis is required to obtain a better result. These numbers are only a
approximation with no justifiable uncertainty due to the manner in which the RPM data
is collected.
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6 Nozzle Design
6.1 Requirements
The mandatory requirements for the thrust vectoring nozzle are:
• A 90◦range of motion - Due to concerns over hot gas ingestion, any future VTOL
aircraft would use a nominal approach angle of no more than 80◦. A 90◦angle is
specified to allow for 10◦to be available to use as part of the control system.
• A safety factor of 1.2
• Ability to be retrofitted to the JetCAT P80SE - This includes both the fit of the
nozzle to the engine and the ability to control the area ratio to prevent engine stall
Desirable qualities of the nozzle are:
• Low mass
• Flexibility to changes in actuation design
The nozzle is not expected to be used frequently or for long periods of time due to the
nature of the mission that it performs and so fatigue is not a consideration.
6.2 Concept
The basic nozzle concept is similar to that of a Single Expansion Ramp Nozzle, with
the top surface being longer than the bottom in cruise configuration. There are six main
components to the nozzle as shown in Figures 30 and 31: The transition; side walls; bottom
flap; top flap; top arm; and slides. The rationale behind this concept is to make use of
the high turning efficiency and controllability exhibited by Augmented Geometry Nozzles
in the prior art. Using three surfaces allows the area ratio to be controlled completely
through the range of motion and gives the flexibility to change the areas inside the nozzle
such that the flow can expand and slow as it turns and hence reducing thrust losses.
Additionally it allows for the area ratio and vector angle to be decoupled which could be
used to: optimise the performance of the turbine by running it closer to the stall limit,
allow for further investigation on different area ratio control strategies, and provide a
means to quickly reduce thrust to assist with future control system design.
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Figure 30: Nozzle Overview
Figure 31: Nozzle Overview With Sidewall Removed
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6.3 Geometry and Deployment
There are two contributors to maintaining the correct area ratio for this design. The first
is selecting flap lengths and radii that allow for the desired exit area to be reasonably
achieved, and the second is coordinating the motion of the flaps through the deployment
so that the flow behaviour is predicable and efficient. For the purposes of this design,
the desired exit area is kept the same as the original nozzle as a safeguard preventing the
engine from stalling.
The geometric exit area is found by either one of two functions derived from the ge-
ometry of the nozzle depending on if the top or bottom trailing edge extends further out.
The Equations 24 and 23 are used when the Upper and Lower trailing edges respectively
are further along the flow field. If the top and bottom flaps converge then the correct
area is always the maximum of the two.
At,U = w × | cos(β + α)yP,U + sin(β + α)xP,U − cos(30 + β)rP,U
+ (cos(30)− cos(30 + β))lF,U − cos(β + α)yP,L − sin(β + α)xP,L (23)
− cos(γ − β − α)rP,L + sin(γ − β − α)lF,L|
At,L = w × | − cos(γ)yP,U − sin(γ)xP,U + cos(30 + γ − α)rP,U
+ (− cos(30 + γ − β − α) + cos(30 + γ − α)− sin(γ − β − α))lF,U (24)
+ cos(γ)yP,L + sin(γ)xP,L + rP,L|
α = Top arm declination in degrees
β = Top flap declination relative to top arm in degrees
γ = Lower flap declination in degrees
w = Nozzle width = 44mm
The subscripts P , F U , and L stand for pivot point, flap, upper and lower respectively.
A relationship between the top arm and flap angles α and β was chosen for the sim-
plification of controlling the deployment action such that β = f(α). The constraints on
the equation are α = β = 0 for the cruise configuration and α = 55 =⇒ β = 35. A
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number of functions were tested that fit the boundary conditions, including a linear and
parabolic profile but ultimately a cubic relationship was chosen as shown in Equation 25.
This corresponds to a cubic passing meeting both boundary conditions, with a gradient
at the origin of 0.3. This function was chosen as it did not enlarge the divot created by
in the forward corner of the top flap as it is deployed and provided a clean and consistent
behaviour.
β = 45.79× 10−5(α + 14.78)3 + 1.48 (25)
By substituting Equation 25 into Equations 24 and 23 and specifying a desired area a
suitable angle of α can be determined for each γ. This has been completed using the
numerical root finder fsolve in Python 3.6. A sweep of the resulting flap locations over
the deployment is presented in Figure 32. It can be seen that the minimum area is always
at the exit of the nozzle, and that the flaps are always converging.
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Figure 32: Deployment of Nozzle
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6.4 Computational Fluid Dynamics Study
6.4.1 Code Selection
CFD analysis was completed both in ANSYS Fluent and UQ’s in house compressible CFD
code Eilmer 3. Eilmer 3 was used for the initial analysis, however the decision to move to
Fluent was made due to the Eilmer’s high computational expense. When the flow field
became complex the 4.8M cell structured mesh used in the Eilmer simulations required
more than the 115GB of RAM available on the QRISCloud supercomputer Euramoo.
This greatly exceeding the 60GB estimate made by extrapolating smaller tests. Attempts
were made to run this simulation on a larger cluster, however this was made impossible by
ongoing technical issues with the Message Passing Interface. Moving to Fluent allowed the
use of unstructured meshing to be used, as well as more advance conjugate heat transfer
and turbulence modelling, including the use of wall functions.
6.4.2 Turbulence Modelling
All four of the turbulence models discussed in Section 2.4 were tested for their convergence
properties and physical realisability. The SA and SST models used a y+ ≈ 1 near-wall
meshing strategy, whereas the k−  and RSM turbulence models utilised their wall func-
tion capabilities and used a coarser mesh of y+ > 15. It was found that meshing the
complex geometry of the nozzle with a near-wall meshing strategy only produced solvable
meshes when the model was very heavily de-featured. The level of de-featuring required
would make the application of accurate conjugate heat transfer and subsequent finite el-
ement modelling inaccurate, see Figure 33. Furthermore the number of cells required for
this strategy fell in the range of 25-40M cells, which required more powerful computing
resources than were readily available. For these reasons only the k −  and RSM turbu-
lence models were pursued.
A non-equilibrium wall function was used as the flow subject to high pressure gradients,
both in expansion and compression, and this wall function takes this into account to some
degree. This gives improved accuracy for these kinds of flows, especially for heat transfer
[2]. As the jet flow is subject to high flow curvature, flow separation, and recirculation,
the RSM model was thought to be the most appropriate model to use from an accuracy
point of view however for most of the analysis the Realisable k−  model was used. This
decision was made primarily due to the time taken to solve, with RSM simulations taking
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approximately twice as long to complete than k −  simulations, even when the solution
was initialised with a converged k −  solution. This became an important decision due
to the time constraints and requirement for design iteration.
Figure 33: De-featured Model
6.4.3 Domain Geometry
The computational domain used in ANSYS simulations for the deployed test case is
shown in Figure 34. The domain is 7m long in the thrust direction, 2m wide in the
side view shown in Figure 34 and 1.5m deep. Although the nozzle is not completely
symmetric the domain assumes symmetry along the centreline as a way of reducing the
cell count. The nozzle protrudes from a free slip wall at the top of the domain, with the
inlet being offset 100mm from the physical start of the transition section to avoid mass
continuity instabilities. The inlet itself specifies a stagnation temperature and pressure,
and assumes the flow direction is normal to the surface. A turbulence intensity value of
10% was specified in an attempt to introduce some turbulence into the flow representative
of the flow exiting the turbine. The walls of the nozzle all use a coupled no-slip boundary
condition to allow for conjugate heat transfer. The two top faces of the domain are defined
as constant pressure inlets with zero gauge pressure to allow the jet to draw air with it
as it exits the nozzle. The bottom face is a constant pressure outlet, also with zero gauge
pressure. Even though the side walls of the farfield are atmospheric pressure in reality the
decision was made to model them as free slip walls to avoid having both inflow and outflow
along the same boundary as this is known to cause severe stability issues in ANSYS.
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Figure 34: Computational Domain
6.4.4 Mesh Generation
One of the advantages of using ANSYS is its ability to make good use of unstructured
meshes to accurately represent complex topology. This reduces the amount of time taken
to generate a mesh at the expense of accuracy of the solution. An unstructured mesh was
used despite this drawback. A three-cell thick prismatic inflation layer was used on all of
the nozzle surface in order to more accurately model the boundary layer. The thickness
of the first layer was set to 0.55mm to give a y+ of greater than 15 over the interior of
the nozzle, see Figures 36 and 37. The y+ drops below 15 in a few localised regions and
on the outside of the nozzle there the fluid is stagnant, this is a area of improvement,
however attempts to fix this led to poorer meshing characteristics around the corners
where the transition meets flaps. The wall cell size varied depending on the simulation
and the computer it was run on but was between 3 and 3.2mm with a growth rate of
between 5 and 8%. This growth rate was chosen as a simple way to add cells to the
interior of the nozzle to better predict any eddies or vortices that may form. Additional
automatic refinement was done based on wall proximity and curvature to provide a finer
mesh around sharp changes in geometry. A refinement region at the exit of the nozzle
was used to resolve the jet and the high gradient shear layers that occur within it and
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at its edges. The size of this region has a significant impact on the overall cell count
and so it was sized to terminate after the laminar jet flow breaks down. A typical mesh
is shown in Figure 35. A typical mesh of is between 4.8M and 10M cells, of these cells
there are approximate 50 cells of poor quality with a skewness greater than 0.9. Due to
the efforts to de-feature the model, these cells are all in stagnant regions of the flow field
on the exterior of the nozzle and so are not believed to adversely effect the convergence
properties or accuracy of the solution.
Figure 35: Deployed Nozzle Mesh
Figure 36: Upper Surface y+
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Figure 37: Lower Surface y+
A mesh independence analysis was preformed by decreasing the wall cell growth rate and
reducing the size of the cells in the jet refinement region. The results of this analysis are
shown in Figure 38. It was found that once the cell count increased beyond 4.8M that
the net thrust showed a steady value. This cell count corresponds with the upper bounds
of the cell sizes and growth rates discussed above. Finer meshes were used for the final
iterations of the design as they provide better confidence in their results and were found
to converge more reliably.
Figure 38: Mesh Independence Analysis
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6.4.5 Results
Cruise Configuration
The final cruise configuration simulation used the maximum thrust case inlet conditions
of 31200Pa stagnation pressure and 950K stagnation temperature. The mesh consisted of
5990198 Cells and took 52 CPU hours on an Intel i7-3720QM 3.6GHz machine to reach
a residual value of 1e-5 for all velocities and 1e-4 for mass continuity. The net thrust
produced at the exit plane was 96.85N. Figures 39, 40, and ?? show some of the salient
features of the flow field. Additional plots can be found in the Appendix.
Figure 39 shows quite clearly that there is a region in the core of the exhaust flow with
a reduced stagnation pressure caused by the flow separating from the turbine fairing.
Figure 40 shows two small regions of low pressure just after the entry to the nozzle due
to the reduced area in these parts. previous designs that had a curved internal geometry
did not have this present. This figure also shown a slanted and curved throat line. The
slant is due to pressure information taking time to propagate across the exit plane and
is one of the key features of SERNs. Flow structures causing viscous loss can be seen in
Figure 41 which displays the amount of swirling of the flow is undergoing. Four areas are
identified, the turbine faring, the corner between the transition and the turning area, the
trailing edges, and across the leading edge of the slide. These are all to be expected due
to the flow separation caused by sharp changes in geometry in these regions.
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Figure 39: Cruise Symmetry Stagnation Pressure
Figure 40: Cruise Symmetry Pressure
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Figure 41: Cruise Vortex Cores
Deployed Configuration
The deployed configuration simulation uses same inlet conditions as the cruise case. The
mesh consisted of 8712800 Cells and took 96 CPU hours on an Intel E5520 2.27GHz dual
socket machine to reach a residual value of 1e-4 for all velocities and 1e-3 for mass conti-
nuity. The net thrust produced at the exit plane was 96.15N.
The important flow features shown in this simulation are similar to those found in the
cruise configuration tests with two exceptions. Firstly is the presence of a small separation
bubble that begins close to the end of the radius of the lower flap as shown by the reduc-
tion in stagnation pressure in this region as shown in Figure 42, the low pressure region
in Figure 43, and as the presence of a large swirling flow structure in ??. Secondly is the
high pressure region that occurs centred around the join between the top flap and arm.
This is due to the stagnation of the flow around this point. The result of this behaviour
is that the mass flow rate is not evenly distributed over the exit of the nozzle. This again
can be seen in Figure 42 where the exit plume has a higher stagnation pressure closer
upper surface of the nozzle.
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Figure 42: Deployed Symmetry Stagnation Pressure
Figure 43: Deployed Symmetry Pressure
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Figure 44: Deployed Vortex Cores
6.5 Material Selection
The high temperature environment provides a significant challenge when combined with
the time and financial restrictions on the project. Jet engine performance is essentially
limited by the maximum total temperature in that is experienced in the turbine stage.
Modern gas turbine engine development is largely driven by the high temperature limits
of the materials used in the hot stages of the engine. The result is the widespread usage
of specialised superalloys, including nickel, cobalt, or iron based superalloys, titanium
alloys, and ceramic matrix composites. These alloys are primarily designed to reduce high
temperature creep and corrosion whilst providing sufficient mechanical strength. This
high performance, along with their niche application makes these materials prohibitively
difficult and expensive to obtain. The practical alternative to these materials are stainless
steels.
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Figure 45: Stainless steel temperature dependence [15]
Stainless steels are chosen over other grades of steel due to their resistance to corrosion
which can become rapid at higher temperatures and cause binding or failure of compo-
nents. Stainless steels are catagorise by ASM International as being in one of four grade
types: austenitic; martensitic; ferritic; and semiaustenitic. At low temperatures semi-
austenitic grades provide a greater strength than other grades, but this degrades rapidly
with temperature and so at approximately 500-550◦C are comparable to austenitic grades
at the same temperature. At high temperatures austenitic grades typically perform better
than other grades. Martensitic and ferritic grades are the weakest of the grades in their
annealed form in high temperature environments [15].
For this application, semiaustenitic precipitation hardened steels are preferable due to
their high yield strength. Unfortunately there is no local supply of these grades. The
available austenitic grades, AISI 304, and AISI 316 both have a low yield strength of be-
tween 200-250MPa at the temperatures of interest. Fortunately whilst the yield strength
of martenstic grades is very low in their annealed state, they are able to be transformation
hardened via quenching and tempering to achieve a far higher strength. This means that
these grades outperform austenitic grades in terms of yield strength until the operating
temperature reaches their annealing temperature.
Of the many martensitic grades, grades AISI 410, AISI 420, and AISI 431 were iden-
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tified as being candidates due to their high yield strength and high temperature stability.
Ultimately, quenched and tempered AISI 431 was used for the manufacture due to its
availability. The material properties as stated on the mill certificates are presented above
the line in Table 3, properties from a supplier data sheet [24] are shown below the line.
The elevated temperature properties of AISI 431 are not readily available, however they
are available for the similar AISI 410 grade as shown in Figure 46. The 0.2% offset
strength of this sample is approximately 650MPa, and decreases by 32MPa between 200
and 300◦C giving a 5% loss in proof strength over this range. This is likely to be close
to that of AISI 431 as well, but the conservative estimate of a 10% loss in strength is
assumed.
Figure 46: Stainless steel temperature dependence [16]
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Table 3: Material Properties
Side walls Transition Other
Tensile Strength [MPa] 900 896 898
0.2% Proof Strength [MPa] 740 702 719
Density [g/cm3] 7.7
Specific Heat [J/kgK] 460
Thermal Conductivity [W/mK] 25
Coefficient of Thermal Expansion [106/K] 10
6.6 Structural Analysis
6.6.1 Stress Analysis
The stress on the nozzle is modelled in ANSYS Mechanical in three groups: The transition
and side walls; the top arm, bottom flap, sliders, and shafts; and the top flap. The model
was constrained as closely as possible to reality, however there are a number of inaccuracies
and false results given by overstraining the models. This is largely unavoidable as the
geometry was stripped of all of its contact information as it was passed through Fluent
and so the option of doing contact modelling between parts was removed. Pressure and
temperature loads were applied from the Fluent CFD results, with bearing loads added
to the shafts in group 1 to represent the force exerted by the flaps. This analysis is purely
static due to the CFD solution being a steady state solution, transient solutions couple
be computed but at a high time penalty.
Constraints
The symmetry plane of the model is constrained to allow no lateral displacement at any
point for all test cases. The attachment of the transition and wall to the turbine was done
using fixed supports in the interior surfaces of the bolt holes. For the stress analysis of
the second group the spherical bearings were modelled as a grounded ball joint. In the
strain analysis these ball joint constraints would artificially lower the maximum deflection
as they do not allow lateral movement at that point when in reality they would. To give
a more useful estimate of the lateral deflection a fixed support was used on the symmetry
face of the shafts. This allows free lateral expansion and will give a more conservative
estimate for the clearance requirements between the control surfaces and the nozzle walls.
Stress Results
The maximum stress seen in the first group of parts is observed in the corners joining the
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transition and the side wall. This is not physically accurate as the parts cannot support
the tensile load seen here in reality. The cause of this is due to the aforementioned
lack of contact modelling. The second highest stress is at the bolt holes, which is also
exaggerated as this model does not account for the expansion of the mounting surface
in the engine meaning that the strain induced stress caused by the thermal loading is
unnaturally high. The next highest stresses are a 500MPa stress seen at the bottom of
Figure 48 and a 491MPa stress seen at the top of Figure 47. These are real stresses and
are caused primarily due to the temperature differential causing the wall to warp. The
500MPa stress occurs at a region where the temperature is approximately 200◦C and so
the maximum allowable stress is reduced.
Figure 47: Cruise Group 1 Stress
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Figure 48: Deployed Group 1 Stress
The second group of parts show a very low stress for both cases except for on the shaft
in the corner near the bearings as shown in Figures 49 and 50. These high stresses are
caused by the over constraint caused by the joint boundary condition not allowing for
lateral displacement, which is not only allowable, but caused but deflection of the walls.
The stress analysis for the top flap did not yield useful results and so is not presented
here. This is due to the high degree of freedom with which the flap can move not being
conducive to applying constraints that allow the model to be solved whilst still allowing
a realistic degree of motion. The loading and geometry of the top flap is similar to that
of the bottom flap, which experiences only low stresses. It is expected that the flap will
show similar results.
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Figure 49: Cruise Group 2 Stress
Figure 50: Deployed Group 2 Stress
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6.6.2 Deflection Analysis
The results of the deflection analysis are far more physical than those of the stress analysis,
in part due to the relaxing of the constraints to allow for a more conservative estimate.
The results presented in Figures 51, 52, 53, 54, and 55. are of the lateral deflection. This
then shows any instances where the control surfaces may impinge on the wall causing
binding. Comparison of the wall deflections to the control surface expansions shows that
the wall deflection is great enough that binding will not be possible with the exception of
the top flap in the cruise configuration which may close the gap between the parts by up
to 0.05mm, which is the same magnitude as the manufacturing tolerance.
Figure 51: Cruise Group 1 X Deflection
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Figure 52: Deployed Group 1 X Deflection
Figure 53: Cruise Group 2 X Deflection
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Figure 54: Deployed Group 2 X Deflection
Figure 55: Deployed Group 3 X Deflection
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6.7 Mechanical Design
6.7.1 Clearances and Tolerances
As leakage between parts is a concern the clearances given to parts is minimised. As the
thermal expansion almost universally pulls parts further from each other, the clearance
between the side walls and control surfaces have been set to be the standard machining
tolerance of 0.05. The aggregation of tolerances in the manufacturing do not align well
with producing a well sealing design if accommodation of the full range of allowable di-
mensions is designed for. Instead the parts have been designed to that in the case that the
parts do begin to bind they can be adjusted to provide more clearance. Technical draw-
ings including clearances, tolerances and fits of the parts are attached in the Appendix.
The exception to this is the clearance between the transition and the upper arm and
lower flap. The clearance here was made to be 0.25mm to accommodate up to 0.07mm of
tolerance in the radii (0.05 from the milling of the transition and 0.02 from the Electronic
Discharge Machining (EDM) of the flaps) plus 0.15mm in aggregated tolerances from the
placement of bolt holes and centre to centre distance of the bearings. This leaves a min-
imum of 0.03mm of clearance in the unlikely worst case which is slightly more than the
gap reduction estimate shown in Figure 56. This reduction of 0.027mm seen between the
lower flap and the transition is a conservative estimate as the pivot pivot point also moves
in the Z axis by 0.05mm which will only increase the clearance. There is little concern
that the increased specified clearance for these parts will degrade the nozzle performance
greatly as in order to leak the flow would need to round a 0.5mm radius 90◦bend at close
to Mach 0.5.
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Figure 56: Deployed Group 3 X Deflection
6.7.2 Bearing Selection
Two types of bearings were considered to mount the upper and lower shafts, deep groove
ball bearings, and spherical plain bearings. Deep groove ball bearings have lower rolling
resistance than plain bearings and can be procured in smaller sizes than spherical plain
bearings and so would be the better candidate. Unfortunately, deep groove ball bearings
can only tolerate a few minutes of angle shaft misalignment before they become highly
stressed and begin to wear rapidly [?]. The deflection of the pivot points is as great as
0.25◦for the lower pivot during full deployment, and so using deep groove ball bearings
may prove risky. To alleviate this misalignment issue THK PB5 spherical plain bearings
are used. These bearings have a load rating of 7840N and rated to 150◦C. These ratings
are both well in excess of the requirements.
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Figure 57: Pivot Point Deflection
6.7.3 Manufacturing
Due to the small size and hardness of the material, only a few parts are to be milled,
these include the exterior of the transition and the side walls as well as a few auxiliary
parts. All of the control surface parts and the internal profile of the transition are EDM
wire cut as it was deemed to be a more cost effective and precise method of producing
the parts. This manufacturing technique does not require force to be applied to the work
piece and so thin parts can be easily machined.
6.8 Actuation
The three control surfaces are actuated by servo motors capable of 180◦rotation with a
single push/pull link connecting each servo horn to its respective part as shown in Figure
58. The choice of link and horn lengths is determined by the required range of motion,
packaging restrictions, and the availability of horns with close to the desired lever arm.
The maximum range of motion allowed for the design is 160◦so that the linear acceleration
at the extremes of the range do not become excessively small.
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Figure 58: Top Servos and Links [16]
6.8.1 Torque Requirements
The required torques for the top arm and flap, and bottom flaps are determined for both
cruise and deployed cases based on a simple force/moment calculation. The requirement
for the servo controlling the top flap alone is calculated using the normal force experienced
by the flap and assumed coefficient of friction of 0.3. The maximum effective horn length
is used for both of the top servos for a more conservative estimate as it is possible that the
maximum loading on the servo occurs midway through the deployment where the arm is
longest. The force on the lower flap is as a maximum in the cruise case and travels through
a zero load point during the deployment and so the effective horn lengths are taken as
their true values in each case. Table 4 shows the complete force and moment transmission
for both design cases, in this table, lm is the effective distance between the pivot and
connection to the flap/arm, and lh is the horn length. The Z axis is in the longitudinal
direction of the nozzle, and the Y axis is positive upwards. The Robotics Design Lab has
MKS HBL575SL and Hitech HSB-9380T servos available with a 180◦range of motion and
stall torques at 7.4V of 233.1 and 472oz/in respectively. The maximum required torque is
found to be 184.24oz/in for holding the top flap and arm, all other modelled torques are
far lower than this maximum thus either servo is easily capable of producing the required
torque. Future designs may use smaller servos to reduce the mass, power consumption,
and cost of the design.
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Table 4: Forces and Torques
Cruise Deployed
Top Arm and Flap Top Arm and Flap
Fy[N] 38.02 Fy[N] 69.36
Fz[N] -0.78 Fz[N] 68.89
Mx[Nm] -1.21 Mx[Nm] -5.92
lm[m] 0.09 lm[m] 0.11
lh[m] 0.02 lh[m] 0.02
T [Nm] -0.27 T [Nm] -1.30
T [oz/in] -37.53 T [oz/in] -184.24
Top Flap Top Flap
Fy[N] 31.98 Fy[N] -0.20
Fz[N] -1.09 Fz[N] 28.20
FN [N] 32.00 FN [N] 28.20
µ 0.30 µ 0.30
Ff [N] 9.60 Ff [N] 8.46
lh[m] 0.04 lh[m] 0.04
T [Nm] 0.36 T [Nm] 0.32
T [oz/in] 51.65 T [oz/in] 45.52
Lower Flap Lower Flap
Fy[N] -37.98 Fy[N] 20.26
Fz[N] 5.76 Fz[N] 26.18
Mx[Nm] 1.03 Mx[Nm] -0.04
lm[m] 0.01 lm[m] 0.01
lh[m] 0.00 lh[m] 0.01
T [Nm] 0.21 T [Nm] -0.03
T [oz/in] 29.37 T [oz/in] -4.21
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7 Discussion
7.1 Engine Characterisation
7.1.1 Experimental Uncertainty
Whilst high accuracy sensor components were chosen and independently calibrated the
entire apparatus was never calibrated as a whole. The stagnation temperature and pres-
sure readings are dependent on how isotropically the stagnant against the tip of the probe
as well as the overall interaction the presence of the probe has on the surrounding air-
flow. The correct way of accounting for this it to use a wind tunnel capable of producing
equivalent test conditions to characterise the behaviour of the probe as a whole, however
this is not possible to do locally. Alternatively, CFD of the probe could completed to
provide additional insight, whether or not the accuracy of such a simulation would be
sufficient to provide meaningful calibration information is questionable. According to the
prior art, the accuracy of the stagnation pressure should be within approximately 1-2%
as an estimate and producing CFD results with less error than this is difficult. The stag-
nation temperature has a unknown uncertainty, as the amount of conduction from the
junction to the probe is not accounted for. Observations have been made that the tem-
perature readings do reach a steady value as the probe reaches equilibrium but this does
not guarantee that the steady state conduction is low. The load cell calibration was also
done independent of the final test setup and thus the thrust axis does not align directly
with the X axis of the cell. This is not important for the current discussion where only
the magnitude of the thrust is important, but will become a factor of uncertainty during
future tests involving thrust vectoring.
7.1.2 Data Verification
The net thrust from the engine can be computed from knowledge of the engine geometry
and the stagnation properties. This will show if there are significant issues in the testing
and provide an estimate for the accuracy that can be expected from the tests in lieu of
complete uncertainty values. The following assumptions have been made for this analysis:
• The exhaust gas has a ratio of specific heats of 1.4 and specific gas constant of 287
• The inlet area is the cross sectional at the forward most part of the engine body
• The inlet air density is 1.225kg/m3
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• The static pressure at the probe is 1atm
• The fuel air ratio is constant on a mass basis
• The stagnation pressure at full throttle is more accurately represented by the ex-
trapolating the linear fit of the other tests.
The Mach number is calculated by rearranging Equation 8:
M =
√(P0
P
γ−1
γ − 1) 2
γ − 1
The static temperature is likewise found using Equation 6:
T =
T0
1 + γ−1
2
M2
The velocity is then calculated rearranging Equation 5:
v = M
√
γRT
Density is found by the ideal gas relation:
ρ =
P
RT
(26)
Mass flow is can then be directly computed by m˙ = ρvA. The thrust produced is then m˙v.
The inputs and results of this analysis for the full thrust case are shown in Table 5.
Table 5: Full Throttle Nozzle Properties
P0 [Pa] 31164
T0 [
◦C] 668.15
P [Pa] 101325
P0
P
1.3076
M 0.63099
T [◦C] 618.87
a [m/s] 598.68
v [m/s] 377.76
ρ [kg/m3] 0.39579
A [m2] 0.00191
m˙ [kg/s] 0.28540
F [N] 107.81
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The mass flow rate of fuel is known to be 4.5g/s for this test, which gives a fuel air ratio
of 0.0158. The mass flow into the inlet is then the exhaust mass flow less the mass rate
of fuel. From the known inlet mass flow, area, and assumed density the inlet velocity can
then be determined. The net thrust can then be calculating using the subsonic jet thrust
equation, Equation 27. Note that there are no pressure terms as the pressure at all points
external to the engine are assumed to be atmospheric.
T = m˙eve − m˙ivi (27)
This was done for all measured thrust settings. The results are shown in Table 6.
Table 6: Measured vs Derived Thrust
Measured Derived Error
4.398 6.917 -57.26%
39.961 41.217 -3.14%
60.247 60.019 0.38%
77.202 78.559 -1.76%
94.156 94.403* -0.26%
*Note: This value is derived using the stagnation pressure predicted by the curve fit rather
than the observed value.
7.1.3 Experimental Errors and Improvements
The alignment of the expected and measured thrust results indicate that the measured
stagnation pressure in the full throttle test is erroneous and that the true stagnation
pressure is approximately that given by the curve fit of the other data points. The fact
that the profile of the stagnation property curves for the full throttle test is close it what
is expected based on both prior studies and on the other test results indicates that the
source of error is likely to be due to the data acquisition system electronics. The pressure
transducer to be used was originally analogue, however that sensor suffered from a per-
sistent fault. The replacement sensor and the one used in these experiments uses an SPI
interface which LabVIEW could not communicate over correctly. The work around for
this problem was to convert the SPI signal into analogue using an Arduino. The analogue
output of the Arduino is dependent on the bus voltage which has been seen to fluctuate
to as low as 3.2V from the nominal 5V. This was corrected for by also collecting the
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bus voltage at each data point, however it may be the case that during this translation
there was an loose connection, or some other change internal to the Arduino that lead
to the voltage being reported as falsely low. The close correlation also indicates that the
uncertainty in the testing apparatus is likely to be sufficiently small for the purposes of
this study.
The data collection period for each position of the scan was approximately one second
due to the time constraint imposed by a limited fuel supply for each test. There is the
expectation that there is fluctuation in the flow and it has been observed that the engine
does not always maintain a steady RPM, especially at low power settings. This means
that it is possible that some or all of the data points may not have collected a sufficient
enough quantity of data to produce a good average of the flow which may explain the
disparity between results taken at the same position. This problem can be easily remedied
by using a larger fuel supply.
Determination of the mass moment of inertia was unsuccessful for two reasons. Firstly,
the amount of noise present in the load cell data is significant when compared to the small
moments being measured. Secondly, the RPM values reported from the ECU are in one
second increments and so the acceleration values derived from it are not sufficiently time
accurate. The noise issue can be limited by taking data from multiple runs, the RPM
reporting issue will require measurement of the RPM by some external means. A more
appropriate solution may be to use measure the moment generated by spooling the engine
using only the starter motor. This would allow a lower range and hence more accurate
load cell to be used, as well as facilitate the capture of RPM data via optical methods
such as with a laser tachometer.
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7.2 CFD Analysis
The CFD results show properties that are in line with both the expectations developed
from the theory and prior art, and from the testing that has been carried out. The
mesh independence shows a high degree of convergence for thrust values using the k − 
Realisable model but additional tests should be run using RSM to verify the performance
of the model. Areas of high pressure gradients, separation and flow curvature are present
which are known to adversely effect the performance of both k −  and the wall function
approach. It is possible that the size and shape of the separation bubble and related thrust
losses caused by the detachment of flow from the turbine fairing and lower flap radius are
not as accurately modelled as they would have been in RSM. Is spite of this, these areas
appear to have been resolved in a physically realisable and sensible manner and do not
show any clear inaccuracies. For the purpose of the current level of the analysis the results
are deemed to be of acceptable quality to be used for the structural modelling. The model
is limited from providing accurate thrust performance information for the physical model
due to the lack of any leakage modelling in the simulation. This could potentially be a
major source of thrust loss and cannot reliably be simulated numerically. The results of
future physical testing should take this into account when determining the validity of the
modelling done here.
7.3 FEA Validity
The FEA is severely limited by having no contact modelling. With the ability to model
contacts properly the full nozzle could be analysed as a single study which would eliminate
the issues seen over or under constraining parts. As it currently stands there could be
issues such as the tensile failure of the bolts holding the wide walls on that are hidden by
the limitations of the model. A different approach is required in the future to improve on
the design, this may mean using ANSYS CFX for the CFD, which may support contact
sets better than Fluent. Confidence in the current analysis is still held as the cause and
effector of the anomalies are well understood and the likelihood of any unforeseen issue
being significant enough to cause failure is low due to conservative design decisions in
areas of uncertainty.
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7.4 Nozzle Design and Performance
The nozzle performs its function of vectoring the flow to a high efficiency. If the values
returned by the CFD analysis are correct then the nozzle works at approximately 99%
efficiency. This is not likely to be completely true but it may not be too far from reality,
especially if effort is made to optimise the area ratio. A figure in the mid to high 90%
range is expected in the ideal case not including the losses due to leakage, which are
unquantified at this point. The quality of the results gives confidence that it will function
from an aerodynamic point of view.
Despite the shortfalls in the finite element modelling, the problem and the limitations
of the modelling are well understood. The result of the finite element analysis yields a
margin of safety of 0.12, with the most likely failure mode being the thermal distortion
at the lower extremity of the nozzle during vertical flight. This margin of safety is based
of some conservative assumptions regarding the material properties and uses the required
safety factor of 1.2. In the case that failure does occur at this point then the side wall
will permanently warp but will not catastrophically fail as the dominant loading applied
is elongation and not force based meaning that the elongation required to reach final
fracture cannot be reached by the thermal loading alone.
The current drawbacks of the current nozzle design are twofold. The first is the 1.3kg
mass is extremely high for this application, and the second is the cost of producing it.
Both of these factors are topics for further design improvements once the behaviour of
the nozzle is better understood. Optimising the area ratio and deployment profile will
enable the wide walls which make up 60%, to be shrunk by as much as 50%. These walls
are also one of the significant cost drivers due to their size and complexity to machine an
so reducing the size will have a significant cost benefit. Future work will have the benefit
of a better understanding of the requirements and limitations presented by this nozzle
and so will be able to make more informed design choices and optimise with a higher
degree of certainty. These mass and cost issue preclude the current nozzle from being
commercially viable, however an optimised version of this nozzle could plausibly be useful
in a commercial sense.
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8 Conclusions and Recommendations
This thesis has achieved its primary goal of designing a functional thrust vectoring nozzle
for VTOL operation of a Micro Gas Turbine. It meets all of the mandatory requirements
and also achieves the desirable objective of a high turning efficiency. The objectives per-
taining to the design and calibration of the testing apparatus have also been achieved
and the results have shown a good correlation between the load cell and stagnation probe
measurements, and manufacturer specifications and theory. Additional engine charac-
terisation is required to determine the mass moment of inertia and dynamic response of
the engine. The design demonstrates the technical feasibility, it is far from an optimised
solution and extra effort would be required to reduce the mass and cost to enable this
concept to become commercially viable.
It is recommended that manufacture of the nozzle continue and the nozzle be tested for
its thrust performance as part of a second round of characterisation experiments which
should also aim to fill missing data points from this thesis, especially around the dynamic
response of the engine between power levels. If the results of this testing are aligned with
the results of the simulations presented here then additional work to optimise the design
may be in order.
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9 Appendix
9.1 Characterisation Test Results
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9.2 Deployed CFD Results
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9.3 Area Ratio Python 3 Code
”””
Thomas Keith − 27/10/2017
”””
from math import s in , cos , tan , sqrt , rad ians
import s c ipy . opt imize as opt
import numpy as np
import matp lo t l ib . pyplot as p l t
import matp lo t l ib . animation as animate
# Trig func t i on s us ing degree s f o r convenience
de f s ind (x ) : re turn s i n ( rad ians (x ) )
de f cosd (x ) : re turn cos ( rad ians (x ) )
de f tand (x ) : r e turn tan ( rad ians (x ) )
de f upperFlap (a , b , upx , upy , upr , u f l , uar ) :
”””
Piecewi se func t i on d e f i n i n g the lower su r f a c e o f the upper arm and f l a p
a : Arm angle ( alpha )
b : Flap angle r e l a t i v e to arm ( beta )
upx : Pivot x−coord
upy : Pivot y−coord
upr : Pivot arc rad ius
u f l : Flap length ( assume arm length i s the same )
uar : Arm inner rad ius
Returns : array o f x values , array o f y va lues
”””
ux1 = upx + upr∗ s ind (30−a )
uy1 = upy − upr∗ cosd (30−a )
ux2 = ux1 + 2∗uar∗ s ind (b/2)∗ cosd (30−a−b/2)
uy2 = uy1 + 2∗uar∗ s ind (b/2)∗ s ind (30−a−b/2)
ux3 = ux2 + u f l ∗ cosd ( a+b)
cx = upx + ( uar + upr )∗ s ind (30 − a )
cy = upy − ( uar + upr )∗ cosd (30 − a )
x a r r = np . l i n s pa c e (0 , ux3 , 100)
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y a r r = [ ]
f o r x in x a r r :
i f x < 0 :
y = upy − upr
e l i f x < ux1 :
y = upy − sq r t ( upr∗∗2 − ( x − upx )∗∗2)
e l i f x < ux2 :
y = cy + sqr t ( uar∗∗2 − ( x − cx )∗∗2)
e l s e :
y = uy2 − tand ( a+b)∗ ( x − ux2 )
y a r r . append (y )
return x arr , y a r r
de f lowerFlap (g , lpx , lpy , lpr , l f l ) :
”””
Piecewi se func t i on d e f i n i n g the upper su r f a c e o f the l owe r f l ap
g : Flap angle (gamma)
lpx : Pivot x−coord
lpy : Pivot y−coord
lp r : Pivot arc rad ius
l f l : Flap length
Returns : array o f x values , array o f y va lues
”””
lx1 = lpx + lp r ∗ s ind ( g )
ly1 = lpy + lp r ∗ cosd ( g )
lx2 = lx1 + l f l ∗ cosd ( g )
x a r r = np . l i n s pa c e (0 , lx2 , 100)
y a r r = [ ]
f o r x in x a r r :
i f x < 0 :
y = lpy + lp r
e l i f x < lx1 :
y = lpy + \
sq r t ( l p r ∗∗2 − ( x − lpx )∗∗2)
e l s e :
y = ly1 − tand ( g )∗ ( x − lx1 )
y a r r . append (y )
return x arr , y a r r
upx , upy , upr , u f l , uar = 3 .47 , 44 .2 , 20 . 0 , 80 . 0 , 80 .0
lpx , lpy , lpr , l f l = 3 .47 , −44.2 , 20 . 0 , 65 .0
de f getArea (a , f i n a l=False ) :
”””
Finds the d i s t ance between the upper and lower f l a p at the e x i t . This i s done
by f i nd i ng d i s t anc e s from the t r a i l i n g edge to the opposing wal l o f each f l a p
and tak ing the maximum.
a : Arm angle ( alpha )
f i n a l : I f f a l s e r e tu rns the d i f f e r e n c e between area and de s i r ed area
I f t rue r e tu rns the three f l a p /arm ang l e s
Returns : See above
”””
a = f l o a t ( a )
b = 0.000457892∗( a + 14.7781)∗∗3 +1.47781
d i s t l = abs(−cosd ( g )∗upy − s ind ( g )∗upx + cosd (30+g−a )∗ upr + \
(−cosd (30+g−b−a ) + cosd (30+g−a ) − s ind (g−b−a ))∗ u f l + \
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cosd ( g )∗ lpy + s ind ( g )∗ lpx + lp r )
d i s t u = abs ( cosd (b+a )∗upy + sind (b+a)∗upx − cosd (30+b)∗ upr + \
( cosd (30) − cosd (30+b))∗ u f l − cosd (b+a )∗ lpy − s ind (b+a )∗ lpx − \
cosd (g−b−a )∗ l p r + s ind (g−b−a )∗ l f l )
i f f i n a l :
r e turn (a , b , g )
re turn max ( [ d i s t u , d i s t l ] ) − 40
g = −10 # Lower f l a p angle from hor i zonta l , p o s i t i v e i s a downwards d e f l e c t i o n (gamma)
a = 0 # Upper arm angle from hor i zonta l , p o s i t i v e i s a downwards d e f l e c t i o n ( alpha )
# Arrays f o r s t o r i n g complete s e t o f coo rd ina t e s over a l l ang l e s
ux a r r c = [ ]
uy a r r c = [ ]
l x a r r c = [ ]
l y a r r c = [ ]
va l s = {}
f o r g in range (−10 , 8 9 ) : # I t e r a t i n g gamma over de s i r ed range
# Arrays f o r s t o r i n g coo rd ina t e s f o r each angle
ux arr = [ ]
uy arr = [ ]
l x a r r = [ ]
l y a r r = [ ]
# Finding the r equ i r ed ang l e s us ing f s o l v e
out = opt . f s o l v e ( getArea , a )
a , b , g = getArea ( out , f i n a l=True )
va l s [ g ] = [ a , b ]
# Using ang l e s to generate wal l c oo rd ina t e s
l x a r r , l y a r r = lowerFlap (g , lpx , lpy , lpr , l f l )
ux arr , uy arr = upperFlap (a , b , upx , upy , upr , u f l , uar )
# Adding coo rd ina t e s to conglomerat ion array
l x a r r c . append ( l x a r r ) ; l y a r r c . append ( l y a r r )
ux a r r c . append ( ux arr ) ; uy a r r c . append ( uy arr )
# Set t ing up p l o t t i n g
#f i g = p l t . f i g u r e (1)
#nums = [0 , 20 , 40 , 60 , 80 , 90 ]
#f o r i in range ( 6 ) :
# ax = f i g . add subplot (321+ i , au to s ca l e on=False , xlim=(0 , 150) , ylim=(−120, 30))
# ax . s e t a s p e c t ( ’ equal ’ )
# a = nums [ i ]
# ax . p lo t ( l x a r r c [ a ] , l y a r r c [ a ] , ’ k− ’ , ux a r r c [ a ] , uy a r r c [ a ] , ’ k− ’)
#u f lap , l f l a p = ax . p l o t ( [ ] , [ ] , ’ k− ’ , [ ] , [ ] , ’ k− ’)
#
#
#def i n i t ( ) :
# ””” Clears p l o t data ”””
# u f l ap . s e t da ta ( [ ] , [ ] )
# l f l a p . s e t da ta ( [ ] , [ ] )
# return u f l ap , l f l a p
#
#def p l o t t e r ( i ) :
# ”””Sends cood inate data to be p lo t t ed ”””
# u f l ap . s e t da ta ( ux a r r c [ i ] , uy a r r c [ i ] )
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# l f l a p . s e t da ta ( l x a r r c [ i ] , l y a r r c [ i ] )
# return u f l ap , l f l a p
#
## Plots an animation o f coo rd ina t e s f o r each angle
#ani = animate . FuncAnimation ( f i g , p l o t t e r , range ( l en ( ux a r r c ) ) , b l i t=True , \
# in t e r v a l =25, i n i t f u n c=i n i t )
#p l t . show ( )
9.4 Technical Drawings
See attached
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